To investigate the possible protective effect of the dietary antioxidant quercetin on retinal pigment epithelial (RPE) cell dysfunction and cellular senescence occurring in age-related macular degeneration (AMD). The major flavonoid quercetin was studied on RPE cells in vitro. METHODS. Cultured human RPE cells were incubated with different concentrations of quercetin for 24 hours. Cells were then treated with 150 to 300 M hydrogen peroxide for 2 hours. Mitochondrial function was measured by using MTT assay and cell vitality by live-dead staining assay. Intracellular levels of glutathione were determined by using a glutathione assay kit. Apoptosis was quantified by a caspase-3 assay, and cellular senescence was quantified by ␤-galactosidase staining. Expression of the senescence-associated transmembrane protein caveolin-1 was investigated by Northern and Western blot analyses. RESULTS. Hydrogen peroxide treatment caused significant decreases in mitochondrial function (52%) and in cell vitality (71%), whereas preincubation with 50 M quercetin diminished this decrease in a dose-dependent manner. Quercetin treatment did not show any notable effect on intracellular levels of glutathione in either used concentration of quercetin. Hydrogen peroxide-induced activation of caspase-3 was reduced by 50 M quercetin, from 1.9-to 1.4-fold, compared with untreated control (P Ͻ 0.001). Hydrogen peroxide caused a large (Ͼ90%) dose-dependent increase in ␤-galactosidasepositive cells, whereas in the untreated control only single cells expressed this enzyme (Ͻ5%). This increase in cellular senescence was significantly attenuated by quercetin in a dosedependent manner. The highest attenuation was reached at 50 M quercetin. Quercetin caused a significant dose-dependent reduction of caveolin-1 mRNA 48 hours after treatment with hydrogen peroxide. After 96 hours of incubation, caveolin-1 protein levels were also reduced. CONCLUSIONS. The data demonstrate that quercetin is able to protect RPE cells from oxidative damage and cellular senescence in vitro in a dose-dependent manner. The authors suggest that this increase in antioxidative capacity is-among other mechanisms, such as the intracellular redox state-also mediated by inhibiting the upregulation of caveolin-1. Downregulation of caveolin-1 may be important for the retinal pigment epithelium to prevent apoptotic cell death in response to cellular stress, a condition implicated in the early pathogenesis of AMD. Therefore, the authors believe that the use of antioxidative dietary flavonoids such as quercetin is a promising approach in the prevention of early AMD. (Invest Ophthalmol Vis Sci.
cause of severe vision loss in the elderly in the developed world. [1] [2] [3] Despite the high prevalence of AMD, the complex pathogenesis of the disease is poorly understood. At present, there is no available efficient treatment for the nonexudative form of AMD that occurs early in disease progression. The clinical hallmark of this dry form of AMD is characterized by changes in the pigmentation of the retinal pigment epithelium and an accumulation of extracellular deposits between retinal pigment epithelial (RPE) cells and Bruch's membrane. 4, 5 These alterations lead to RPE cell loss, subsequent death of photoreceptors, and, consequently, central vision impairment.
Evidence from a variety of studies supports an essential role for oxidative stress in the development of age-related RPE cell dysfunction. Because of high partial oxygen pressure from the underlying choriocapillaris, intense light exposure, and high concentrations of polyunsaturated fatty acids in photoreceptor outer segments, RPE cells are susceptible to damage by reactive oxygen intermediates. 6 Furthermore, the phagocytic function of the retinal pigment epithelium provides an additional oxidative burden. 7 Increased dietary intake and serum levels of specific antioxidant nutrients may reduce the risk for AMD. Several epidemiologic studies have found correlations between the intake of foods high in antioxidants and the decreased risk for AMD. 8 -10 Based on the results of the clinical Age-Related Eye Disease Study (AREDS) and the Lutein Antioxidant Supplementation Trial (LAST), the currently recommended supplementary antioxidants include vitamin C, vitamin E, beta carotene, and lutein. 9, 10 Another class of antioxidants that may play an important protective role includes the large group of polyphenolic compounds that provide much of the color and flavor of plant foods, bioflavonoids. The interest in bioflavonoids within the scientific community has been spurred by the dietary anomaly referred to as the French paradox, the correlation of a high-fat, but flavonoid-rich, diet with a lower incidence of coronary heart disease found in Mediterranean cultures. 11 Clinically relevant functions ascribed to flavonoids include antihypertensive activity, anti-inflammatory properties, hypocholesterolemic activity, platelet stabilization, and antiangiogenic effects. The most frequently studied flavonoid, quercetin, exhibits-in addition to its antithrombotic, anticarcinogenic, anti-inflammatory, antiallergic, and antiviral effects-in particular antioxidant and free radical-scavenging activities. [12] [13] [14] [15] Intracellular dose-dependent uptake of quercetin and other flavonoids has been demonstrated in various cell types in vitro and is believed to be even higher in vivo than under normal culture conditions. 16, 17 The major purpose of the present study was to investigate a possible protective effect of quercetin on cultured RPE monolayer cells treated with oxidative stress. Focusing on the possible mechanisms of the cytoprotective activity of quercetin, we investigated the viability of RPE cells treated with oxidative stress mediated by hydrogen peroxide (H 2 O 2 ).
To evaluate the impact of oxidative damage on stress-induced premature senescence (SIPS), we used a histochemical staining procedure for beta galactosidase that had previously been developed to identify senescent cells. 18 In evaluating the limiting effect of quercetin on SIPS, we investigated the expression of the plasma membrane-bound signal transduction protein caveolin. In other cell types, caveolin-1 has been shown to be upregulated by subcytotoxic levels of H 2 O 2 . 19 In this study, we demonstrate that quercetin protects RPE cells from oxidative stress-induced cell death by the inhibition of caspase-3 activity. Subcytotoxic levels of H 2 O 2 induce premature senescence in RPE cells and upregulate endogenous caveolin-1 expression. Cotreatment with H 2 O 2 and quercetin does not promote premature senescence and does not upregulate caveolin-1 protein expression. Taken together, these results support the protective effect of quercetin in stress-induced changes of the RPE.
MATERIALS AND METHODS

Isolation of Human RPE Cells
The eyes of five human donors were obtained from the Munich University Hospital Eye Bank and processed within 4 to 16 hours of death. Donor ages ranged from 16 to 76 years. None of the donors had any known history of eye disease. Methods for securing human tissue were humane, included proper consent and approval, were in compliance with the Declaration of Helsinki, and were approved by the local ethics committee. Human RPE cells were harvested by a previously described procedure. 20 Whole eyes were thoroughly cleansed in 0.9% NaCl solution, immersed in 5% poly(1-vinyl-2-pyrrolidone)-iodine (Jodobac; Bode-Chemie, Hamburg, Germany), and rinsed again in NaCl solution. The anterior segment from each eye was removed, and the posterior pole was examined with the aid of a binocular stereomicroscope to confirm the absence of gross retinal disease. The neural retina was carefully peeled away from the RPE-choroid-sclera with the use of fine forceps. The eyecup was rinsed with Ca 2ϩ -and Mg 2ϩ -free Hanks balanced salt solution and filled with 0.25% trypsin (Gibco BRL, Karlsruhe, Germany) for 30 minutes at 37°C. Trypsin was carefully aspirated and replaced with Dulbecco modified Eagle medium (DMEM; Biochrom, Berlin, Germany) supplemented with 20% fetal calf serum (FCS; Biochrom). With the use of a pipette, the medium was gently agitated, releasing the RPE into the medium and avoiding damage to Bruch membrane.
Human RPE Cell Culture
The RPE cell suspension was transferred to a 50-mL flask (Falcon, Wiesbaden, Germany) containing 20 mL DMEM supplemented with 20% FCS and maintained at 37°C in 5% CO 2 . Epithelial origin was confirmed by immunohistochemical staining for cytokeratin with a pancytokeratin antibody (Sigma, Deisenhofen, Germany). 21 The cells were tested and found free of contaminating macrophages (anti-CD 11; Sigma) and endothelial cells (anti-von Willebrand factor [Sigma]; data not shown). Primary RPE cells were subcultured and maintained in DMEM supplemented with 10% FCS at 37°C in 5% CO 2 . After 2 to 6 weeks, the cells reached confluence. All cells reached the proliferative state, but cultures from older donors took longer to reach the active growth phase than those from younger donors. Growth characteristics of our cultures were in line with previously published data. 22 We found no morphologic differences among the cells of donors of varying ages. To obtain sufficient cells for repeated experiments, cells were split 1:2 and confluent primary RPE cells of passages 4 to 6 were used. Whereas cells of earlier passages exhibited differences in their melanin granule content within the culture plate, cells gradually lost their melanin content during culture passaging. RPE cells of passages 4 to 6 showed diminished but homogenous pigmentation. Because of the antioxidative impact of melanin, recently demonstrated by Wang et al., 23 only cell cultures with homogenous pigmentation were used for experiments. Before treatment with oxidative stress, cell morphology was assessed with a phase-contrast microscopy system. The cell medium was then changed, and cells were preincubated with different concentrations (1-200 M) of quercetin dehydrate (Sigma-Aldrich). To simulate the in vivo situation with quercetin showing a half-life of 11 to 28 hours in human plasma, we chose a preincubation period of 24 hours in vitro. 17, 24, 25 Then phase-contrast microscopy was performed again.
In a first approach to evaluate cytotoxicity of quercetin as a baseline, live-dead assay was performed after incubation with quercetin in different concentrations. To induce oxidative stress, cells were washed three times with serum-free and phenol-free medium (Gibco BRL) and were incubated with 150 to 300 M H 2 O 2 in this medium for 2 hours. To reduce direct interactions with hydrogen peroxide and other reactive oxygen species, quercetin and FCS (containing potential antioxidative agents and containing albumin with a high affinity for quercetin) were not added to the culture medium during exposure to oxidative stress. The medium was subsequently changed and replaced by regular medium containing FCS.
Experiments investigating the effect of quercetin on caveolin-1 expression were performed with and without the addition of the iron chelator desferrioxamine (DFO; Sigma-Aldrich) in a concentration of 0.5 mM before hydrogen peroxide exposure.
Cell Viability Assay
Cell viability was quantified based on a two-color fluorescence assay. In this assay, the nuclei of nonviable cells were stained red by the membrane-impermeable dye propidium iodide (Sigma-Aldrich), whereas the nuclei of all cells were stained with the membranepermeable dye Hoechst 33342 (Intergen, Purchase, NY). Confluent cultures of RPE cells growing on coverslips in four-well tissue culture plates were exposed to 300 M H 2 O 2 for 2 hours. For the evaluation of cell viability, cells were washed in PBS and incubated with 2 g/mL propidium iodide and 1.0 g/mL Hoechst 33342 for 20 minutes at 37°C. Subsequently, cells were analyzed with an epifluorescence microscope (Leica DMR; Bensheim, Germany). Representative areas were documented on film (Fujichrome 400; Fuji Film, Tokyo, Japan). Labeled nuclei were then counted in fluorescence photomicrographs, and dead cells were expressed as a percentage of the total nuclei in the field. Data were based on counts from three experiments performed in duplicate wells, with three to five documented representative fields per well.
MTT Assay
To determine cell viability after oxidative stress, cells were washed with PBS, and MTT solution (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide) was added to RPE cell culture wells for 30 minutes at 37°C. After three washes of the cells with PBS (pH 7.4), the insoluble formazan product was dissolved in dimethyl sulfoxide. The optical density of each culture well was then measured using a microplate reader (Molecular Probes, Garching, Germany) at 550 nm. The optical density of formazan formed in control cells was taken as 100% of viability.
Glutathione Assay
RPE cells were rinsed three times with PBS and harvested. According to the protocol for the Calbiochem glutathione (GSH) assay kit (Merck KGaA, Darmstadt, Germany), cells were centrifuged at 2500g at 4°C for 5 minutes. Then 4 vol mercaptophosphoric acid solution was added. After vortexing, the solution was centrifuged at 3000g at 4°C for 10 minutes, and the clear supernatant was placed on ice for assay. After adding buffer, 4-chloro-1-methyl-7-trifluromethyl-quinolinium methyl sulfate, and 30% NaOH, sample volume was incubated at 4°C for 10 IOVS, April 2008, Vol. 49, No. 4 The Antioxidative Effect of Quercetin on the Human RPE In Vitro 1713 minutes in the dark, and final absorbance was determined by measuring optical density at 400 nm.
Caspase-3 Assay
Caspase-3 activity was determined with a colorimetric assay (ApoAlert; Clontech, Heidelberg, Germany) according to the manufacturer's protocol. In this assay, the capacity of the cellular caspase-3 to cleave the labeled substrate DEVD-p-nitroaniline (DEVD-pNA) was measured spectrophotometrically. In brief, apoptosis was induced by incubation with 300 M H 2 O 2 for 2 hours, as described. The cells were then harvested, and aliquots of 2.5 ϫ 10 6 cells were used for each reaction. Cell lysates were incubated in the presence or absence of 5 L caspase-3-substrate (DEVD-pNA) for 1 hour at 37°C. Absorbance was measured at 405 nm in a microplate reader (Versa-Max; Molecular Devices, Sunnyvale, CA). Uninduced and induced cells without substrate served as the background control. Induced cells were incubated with DEVD-CHO, an inhibitor of caspase-3 as a negative control.
␤-Galactosidase Assay
Normal ␤-galactosidase histochemistry identifies the lysosomal form of the enzyme at pH 4.0, whereas senescence-associated beta galactosidase activity is observed at pH 6 in the cytoplasm. RPE cells were subjected to acid ␤-galactosidase staining using the senescence ␤-galactosidase protocol. 18 
RNA Isolation and Northern Blot Analysis of Caveolin-1
After a 2-hour treatment period with H 2 O 2 , RNA isolation from cultured RPE cells was performed after an interval of 48 hours to allow RNA generation with respect to published data. 26 The concentration of hydrogen peroxide was reduced to 150 M to diminish lethal oxidative stress to RPE cells. Total RNA was isolated by the guanidium thiocyanate-phenol-chloroform extraction method (Stratagene, Heidelberg, Germany). Structural integrity of the total RNA samples was confirmed by electrophoresis on 1% agarose gels. Total RNA (2 g) was denatured and size fractionated by gel electrophoresis in 1% agarose gels containing 2.2 M formaldehyde. The RNA was then vacuum-blotted onto a nylon membrane (Roche, Indianapolis, IN) and cross-linked (1600 J, Stratalinker; Stratagene). To assess the amount and quality of RNA, the membrane was stained with methylene blue, and images were obtained (LAS-1000; RayTest, Pforzheim, Germany). Prehybridization was performed at 68°C for 1 hour. Hybridizations were performed at 68°C overnight in prehybridization solution (Dig Easy Hyb; Roche) containing 50 ng/mL digoxygenin-labeled, caveolin-1-specific sense 5Ј-GAGCTGAGCGAGAAGCAAGT-3Ј and antisense 5Ј-ACAG-CAAGCGGTAAAACCAG-3Ј riboprobe. Riboprobes were synthesized as previously described. 27 After hybridization, the membrane was washed twice with 2 ϫ SSC, 0.1% sodium dodecyl sulfate (SDS) at room temperature (RT), followed by two washes in 0.1 ϫ SSC, 0.1% SDS, for 15 minutes at 68°C. After hybridization and posthybridization washes, the membrane was washed for 5 minutes in washing buffer (100 mM maleic acid [pH 7.5], and 150 mM NaCl, 0.3% Tween-20) and incubated for 60 minutes in blocking solution. The blocking solution contained 100 mM maleic acid (pH 7.5), 150 mM NaCl, and 1% blocking reagent (Roche). Anti-digoxigenin alkaline phosphatase (Roche) was diluted 1:10,000 in blocking solution, and the membrane was incubated for 30 minutes. After four additional washes in washing buffer (15 minutes each), the membrane was equilibrated in detection buffer (100 mM Tris-HCl, 100 mM NaCl [pH 9.5]) for 5 minutes. For fluorescence detection, a chemiluminescence substrate (CDP-Star; Roche) was diluted 1:100 with detection buffer, and the filter was incubated for 5 minutes at RT. After air drying, the semidry membrane was sealed in a plastic bag. Chemiluminescence was detected with the imager (LAS-1000; Ray-Test). Exposure times ranged between 5 and 40 minutes. Quantification of the chemiluminescence signal was performed on computer (AIDA software; RayTest).
Protein Isolation and Western Blot Analysis of Caveolin-1
Ninety-six hours after treatment with 150 M H 2 O 2 , RPE cells grown on tissue culture dishes were washed twice with PBS (pH 7.2), collected, and lysed in SDS sample buffer for gel analysis. 28 Samples for gel analysis were boiled for 5 minutes, and their protein content was measured using BCA protein assay reagent (Pierce, Rockford, IL). For protein analysis (2 g), 5% SDS-PAGE as stacking gel and 12% SDS-PAGE as separating gel were used. After electrophoresis, the proteins were transferred with semidry blotting onto a polyvinyl difluoride membrane (Roche). The membrane was incubated with PBS containing 0.1% Tween-20 (PBST, pH 7.2) and 5% bovine serum albumin for 1 hour. The primary antibody (caveolin-1 diluted 1:1000; BD Biosciences, Heidelberg, Germany) was then added and allowed to react overnight at room temperature. After three washes in PBST, an alkaline phosphatase-conjugated goat-anti-mouse antibody (diluted 1:10,000) was added for 30 minutes. Visualization of the alkaline phosphatase was achieved using chemiluminescence. CDP-star was diluted 1:100 in detection buffer, and the filter was incubated for 5 minutes at room temperature. After drying, the semidry membrane was sealed in a plastic bag. Chemiluminescence was detected with the LAS-1000 workstation. Exposure times ranged between 1 and 5 minutes. Quantification was performed using AIDA software.
Statistical Analysis
All data were collected in a spreadsheet (Excel 2000; Microsoft, Redmond, WA) and were analyzed using SPSS software (SPSS 13.0 for 
RESULTS
Quercetin Protects RPE Cells from Oxidative Stress-Mediated Cell Death
Live-dead assay demonstrated that incubation with quercetin alone as a baseline induced no significant decrease in the number of living cells in concentrations of 0 to 100 M. However, significant reductions in cell viability were noted in concentrations of 200 M or greater (Fig. 1) . After exposure to oxidative stress, preincubation with quercetin protected RPE cells in a dose-dependent manner, with the highest protective effect at a concentration of 50 Treatment with 300 M hydrogen peroxide for 2 hours caused a reduction in mitochondrial activity of 52% (Ϯ11%; P Ͻ 0.05). Preincubation with quercetin diminished this decrease in a dose-dependent manner. Mitochondrial activity after preincubation with 10 M quercetin was 75.2% (Ϯ15.5%; P Ͻ 0.05) of control cells; 50 M quercetin showed the highest protective effect, resulting in 84.8% (Ϯ12.1%; P Ͻ 0.05) mitochondrial activity in comparison with the untreated control. Quercetin concentrations higher than 50 M led to decreased mitochondrial function (71.6% Ϯ 10.9%; P Ͻ 0.05) at 100 M, 68.8% (Ϯ10.1%; P Ͻ 0.05) at 150 M, and 64.7% (Ϯ10.3%; P Ͻ 0.05) at 200 M (Fig. 3 ).
Quercetin Does Not Influence Intracellular Glutathione Level in RPE Cells
To determine the cytoprotective effect of quercetin, intracellular GSH levels were measured. Average intracellular extinction of GSH in cultured RPE cells was set to 100%. Treatment with hydrogen peroxide alone did not decrease GSH levels significantly. Preincubation with quercetin at concentrations of 1 to 100 M before exposure to oxidative stress showed no significant effect on intracellular GSH level ( Fig. 4 ).
Quercetin Reduces Oxidative Stress-Induced Caspase-3 Activity
In a previous study, we showed that oxidative stress induces caspase-3 activation in cultured RPE cells. 20 In accordance with these results, treatment of RPE cells with 300 M H 2 O 2 for 2 hours caused an elevation of caspase-3 (1.9-fold). Preincubation with 50 M quercetin inhibited H 2 O 2 -induced caspase-3-elevation (1.4-fold). The difference in the increase of caspase-3 activity of cells treated with quercetin and H 2 O 2 and of cells treated with H 2 O 2 alone was statistically significant (P Ͻ 0.001). Incubation with 50 M quercetin alone for 24 hours did not show any change in caspase-3 activity (Fig. 5 ).
Quercetin Inhibits the Increase of Caveolin-1 by Oxidative Stress
Northern blot analysis of caveolin-1 mRNA showed a 2.4-fold increase of caveolin-1 48 hours after treatment with 150 M H 2 O 2 for 2 hours. Preincubation with 10 M quercetin for 24 hours was able to inhibit this oxidative stress-induced increase in caveolin-1 expression. Higher concentrations of quercetin showed a similar effect in the decrease of caveolin-1 expression, reducing the caveolin-1 level to 50% of accordant control RPE cells (Fig. 6) . On the protein level, H 2 O 2 exposure caused a 2-fold increase of caveolin-1 96 hours after exposure to hydrogen peroxide incubation. Once again, this increase was prevented by preincubation with 10 to 150 M quercetin.
Experiments performed with the addition of DFO to the culture medium before treatment with H 2 O 2 showed different results. Incubation with DFO alone induced caveolin expression to 1.4-fold compared with the untreated control cells. Incubation with DFO and subsequent treatment with H 2 O 2 led to caveolin expression that was even more increased, to 2.3fold. Preincubation with 10 M quercetin diminished this oxidative stress-induced increase to 1.5-fold, and preincubation with 50 M quercetin diminished it to 1.8-fold. Preincubation with 100 M and 150 M quercetin showed no protective effect on caveolin expression (2.2-fold and 2.3-fold, respectively).
Quercetin Prevents Oxidative Stress-Induced Cellular Senescence
Treatment of RPE cells with 150 M H 2 O 2 caused a significant increase in ␤-galactosidase-positive cells, whereas in the untreated control only single cells (4.4% [Ϯ 2.1%]; P Ͻ 0.05) expressed this enzyme. After treatment with hydrogen peroxide for 2 hours, 91.9% (Ϯ 9.7%; P Ͻ 0.05) of RPE cells stained positive for ␤-galactosidase. This increase in cellular senescence was significantly attenuated by preincubation with quercetin in a dose-dependent manner. Preincubation with 1 M quercetin resulted in 46.4% (Ϯ 7.8%; P Ͻ 0.05) positively stained cells, 5 M quercetin in 42.3% (Ϯ 7.2%; P Ͻ 0.05) positively stained cells, 10 M in 42.4% (Ϯ 4.3%; P Ͻ 0.05) positively stained cells, 20 M quercetin in 15.5% (Ϯ 8.2%; P ϭ 0.052) positively stained cells, and 50 M quercetin with maximal attenuation to 5.0% (Ϯ 2.1%; P Ͻ 0.05) positively stained cells. However, preincubation with 100 M quercetin decreased the number of ␤-galactosidase-positive cells to only 14.3% (Ϯ 13.6%; P Ͻ 0.05), as shown in Figure 7D . In the ␤-galactosidase assay, no statistically significant difference in oxidative stress-induced staining was noted for cells of different donor ages (data not shown).
DISCUSSION
Our results demonstrate for the first time that quercetin is able to protect human RPE cells in vitro from oxidative damage and cellular senescence in a dose-dependent manner. Quercetin is well known as a powerful free radical scavenger and as a chelating agent that inactivates the metal iron responsible for the generation of reactive oxygen species. 29 In line with these data are our findings that inhibition of the iron-chelating effect diminished the impact of quercetin on oxidative stress-induced caveolin expression. However, the addition of the iron chelator DFO to the culture medium itself increased caveolin expression significantly. This effect of DFO probably biased our results. Nevertheless, the reduction of hydrogen peroxideinduced caveolin expression by quercetin preincubation was lower with the addition of DFO than without it, supporting evidence that quercetin acts as a chelating agent. Several in vitro studies have shown that quercetin protects DNA against oxidative damage. 30 -32 Other data have indicated that quercetin, at concentrations ranging between 5 and 40 M, changes the redox state of cells by significantly increasing the level of total GSH. 33, 34 In contrast, our results did not show any significant effect of quercetin treatment in either used concentration on GSH levels in RPE. However, our assay only measured the reduced form of GSH and not the ratio GSH/(GSHϩGSSG), which might explain the different results obtained in our study (GSSG is the oxidized form of GSH). Nevertheless other mechanisms of the flavonoid quercetin are likely to protect RPE cells from oxidative stress. In cardiomyoblast cells, quercetin prevents hydrogen peroxide-mediated mitochondrial dysfunction, including disruptions of mitochondrial membrane permeability transition and increases in the expression of apoptotic proteins. Furthermore, quercetin inhibited the activation of caspase-3-activity. 35 In accordance with these data in human RPE cells, caspase-3 activity after oxidative stress was similarly markedly diminished by quercetin.
Some authors have shown that in other cell lines, quercetin pretreatment impaired, rather than increased, the expression of enzymes of the antioxidant-system (e.g., CuZn superoxide dismutase, Mn superoxide dismutase, and GSH peroxidase) but still protected against oxidative stress provoked by H 2 O 2 treatment. 36 This indicates that the antioxidant effect of quercetin might be mediated by cellular mechanisms other than the redox state or apoptosis in RPE cells. Recently, quercetin was shown to act on the wnt/␤-catenin pathway or its downstream elements. It regulates cell proliferation and plays a role in carcinogenesis. 37 Our findings suggest that this increase in antioxidant capacity is among other given mechanisms mediated by a downregulation of the 21-to 24-kDa integral plasma membrane-bound signal transduction protein caveolin-1. It is known that caveolin-1 decreases expression of the apoptosis protein inhibitor survivin through the wnt pathway. 38 Kim et al. 39 showed that another polyphenol, epigallocatechin, is able to suppress the wnt signaling pathway in human cancer cells in vitro. This inhibition of the wnt signaling pathway might be mediated by caveolin expression. Recently published data demonstrating that caveolin plays a critical role in activating the wnt signaling pathway supports this hypothesis. 40 Inhibition of the upregulation of caveolin-1 via inhibition of the wnt signaling pathway might therefore have an antiapoptotic effect on human RPE cells.
In other cellular systems, caveolin-1 has been induced by oxidative stress. Cotreatment with quercetin prevented this increase. 19 Several studies indicate that caveolin-1 belongs to the group of senescence-associated genes. Another cellular marker for cellular senescence is ␤-galactosidase activity. ␤-Galactosidase expression was previously demonstrated to be age dependent in the retinal pigment epithelium of primates. In addition, it was recently shown that mild hyperoxia, another mediator of free radicals, induces the expression of this cellular senescence marker in RPE cells. 41 Consistent with the decreased expression of caveolin-1 after FIGURE 6. Quercetin prevents hydrogen peroxide-mediated increase of caveolin-1 mRNA (A) and protein (D) in cultured RPE cells. RPE cells were incubated with 150 M H 2 O 2 for 2 hours or were preincubated with 100 M quercetin and then exposed to oxidative stress. Methylene blue staining of the 28S and 18S rRNA is also shown (B), demonstrating the relative integrity and even loading of the RNA. Northern blot analysis of caveolin-1 mRNA in confluent cultured RPE cells (C).
Western blot analysis of caveolin-1 in confluent cultured RPE cells (D).
Each lane was loaded with 2 g protein. The table below depicts the relative chemiluminescence measurement (E). RDI, relative densitometric intensity (normalized to 28S rRNA); Co, control; MW, molecular weight.
IOVS, April 2008, Vol. 49, No. 4 The Antioxidative Effect of Quercetin on the Human RPE In Vitro 1717 cotreatment with quercetin and oxidative damage, we found that quercetin prevented the stress-induced premature senescence of RPE cells by oxidative stress. Therefore, we postulate that quercetin is a powerful agent in the prevention of stress-induced premature senescence. Another mark of cellular stress is the flattening and enlargement of cultured cells. 41 In our RPE cell cultures, quercetin prevented these characteristic changes. We can only speculate whether this effect was related to the decreased expression of caveolin. In other cell systems, it has been shown that caveolin knockout senescent cells, achieved by the use of small interfering RNA and antisense oligonucleotide, resulted in morphologic adjustment to the young cell-like shape. 42 Therefore, these authors do believe that the downregulation of caveolin in senescent cells adjusts functional efficiency and restores morphologic appearance. Above all, we interpret our results as indicating that quercetin is able to inhibit molecular changes associated with stress-induced senescence in human RPE cells in vitro. Our results reveal a dose-dependent cytoprotective effect of quercetin in vitro, presumably with the highest protective effect at concentrations ranging between 10 and 50 M. These results are in line with the latest published data about the antioxidative effects of a variety of dietary and synthetic flavonoids on human RPE cells. 43 On transferring our in vitro results to the in vivo situation, one might assume that prolonged exposure to quercetin might lower the cytoprotective concentration of quercetin in vivo. Regarding physiological concentrations of quercetin, it was shown that the plasma level of quercetin may be maintained in the range of 0.1 to 1 M by the daily ingestion of 100 to 200 g onion (containing 200 -600 mg quercetin/kg), although plasma levels may be transiently elevated for a few hours after consumption. 44, 45 High concentrations of quercetin are also listed in capers, ancho peppers, cranberries, fennel, cocoa, black currants, buckwheat, black tea, spinach, and wild greens.
In relatively high concentrations (Ն100 M), however, quercetin seems to have a cytotoxic rather than an antioxidative effect in vitro. Our data are thereby also consistent with those of several other studies, indicating that relatively high concentrations of quercetin induce chromosomal damage or cytotoxicity. 46 -48 Therefore, like many other especially lipidsoluble antioxidants, excessively elevated serum levels of quercetin may cause cellular injury.
In addition to its antiapoptotic and antioxidative effects, quercetin has been shown to have anti-inflammatory properties. 13 Inflammatory processes are thought to be involved in the pathogenesis of AMD. In other cellular systems, quercetin is able to inhibit the expression of monocyte chemoattractant protein-1, which is known to be potentially involved in the pathogenesis of early AMD. 49, 50 In accordance with several clinical studies indicating the antioxidant cytoprotective effect of quercetin and based on our own in vitro findings of quercetin on human RPE cells, quercetin appears to be a candidate as food supplement in the prevention of early pathologic changes in AMD. 
